We combined spectroscopic ellipsometry, Raman scattering spectroscopy, and first-principles calculations to explore the optical properties of YBaCuFeo 5 single crystals. Measuring the optical absorption spectrum of YBaCuFeo 5 at room temperature revealed a direct optical band gap at approximately 1.41 eV and five bands near 1.69, 2.47, 3.16, 4.26, and 5.54 eV. Based on first-principles calculations, the observed optical excitations were appropriately assigned. Analysis of the temperature dependence of the band gap indicated anomalies in antiferromagnetic phase transition at 455 and 175 K. Additionally, a hardening in the frequency of the E g phonon mode was observed at 175 K. The value of the spin-phonon coupling constant was 15.7 mRy/Å 2 . these results suggest a complex nature of spin-charge-lattice interactions in YBaCuFeo 5 .
transition occurred within the temperature range investigated. Only after cooling below 300 K did YBaCuFeO 5 exhibit a decrease in the a and c lattice constants.
Spectroscopic ellipsometric measurements were conducted under angles of incidence between 60° and 75° and over a spectral range of 0.73 to 6.42 eV using a Woollam M-2000U ellipsometer. For temperature-dependent measurements between 4.3 and 500 K, the ellipsometer was equipped with an ultrahigh-vacuum cryostat. Raman scattering experiments were performed in a backscattering geometry with a laser-excitation wavelength of 532 nm. The linearly polarized light was focused to a 3-μm-diameter spot on the sample surface, and the scattered light was collected and dispersed using a SENTERRA spectrometer equipped with a 1024-pixel-wide charge-coupled detector. The polarizations of incident and scattered light were set such that the incident and scattered lights were parallel and perpendicular (cross) to each other. The spectral resolutions achieved using these instruments are typically less than 1 cm −1 . To avoid heating effects, the laser power was set to 0.2 mW. The sample was placed in a continuous-flow helium cryostat and Linkam heating stage, enabling measurements of the sample under temperatures of 10-700 K. theoretical methods. To investigate the electronic structure of YBaCuFeO 5 , we modeled several YBaCuFeO 5 systems using density functional theory (DFT) calculations in the Vienna ab initio Simulation Package (VASP) 21, 22 . The electron wavefunctions were expanded in plane wave basis sets with an energy cutoff of 550 eV. Perdew-Burke-Ernzerhof (PBE) functional approximation was applied to the electron exchange correlation energy 23 . The 5s4p4d4s, 6s5s5p, 4s3d, 4s3d, and 2s2p orbitals of Y, Ba, Cu, Fe, and O atom species were treated as valence electrons, and the pseudopotentials of core electrons were generated using the projector augmented-wave method 24, 25 . A 5 × 5 × 3 gamma-centered k-point mesh was applied to establish the optimized structures and absorption coefficients. The bandgap sizes of metal oxides are underestimated in DFT calculations; therefore, additional Hubbard-U potentials 26 were applied to Cu (U = 1 eV, J = 0 eV) and Fe (U = 6 eV, J = 0 eV) atom species. To enable observation of the G-type antiferromagnetic feature and of variation in the arrangement of Cu and Fe atoms, models with supercells comprising 2 × 2 × 2 formula cells were constructed (see supplementary information). In terms of one formula cell, the optimized lattice constants, a and c, ranged from 3.884 to 3.917 Å and 7.786 to 7.847 Å; these values were in favorable agreement with the experimental data 20 . Figure 2 (a) presents the room-temperature real ε 1 and imaginary ε 2 parts of the dielectric function ε(ω) of YBaCuFeO 5 obtained from spectroscopic ellipsometry analysis. We observed a dispersive response in ε 1 with an overall positive value, which reflected typical behavior for a semiconductor. Optical transitions were identifiable in the spectra based on resonance and antiresonance features, which appeared at the same energy in ε 2 and ε 1 , respectively. Notably, the spectrum ε 2 of YBaCuFeO 5 was dominated by optical transitions, for which detailed analysis is presented subsequently. We fitted the spectra reasonably well using a classical Lorentzian model for the complex dielectric function 27 where ω j , γ j , and ω pj represent the frequency, damping, and oscillator strength of the jth Lorentzian contribution. ε ∞ is the permittivity due to high-frequency electronic excitations. Figure 2( www.nature.com/scientificreports www.nature.com/scientificreports/ optical absorption spectrum. This absorption spectrum can also be modeled reasonably well by using Lorentzian oscillators. As the photon energies increased, the absorption gradually increased; three bands were manifested near 1.69, 2.47, and 3.16 eV; a maximum value was reached at approximately 4.26 eV, and a higher band was manifested at approximately 5.54 eV. In a normal solid, the absorption coefficient α(E) is accepted and is based on contributions from both direct and indirect band gap transitions 28 . The absorption coefficient is given by
Results and Discussion electronic excitations.
where E g,dir and E g,ind are the magnitudes of direct and indirect gaps, respectively; E ph is the emitted (absorbed) phonon energy, and A and B are constants. This model, which assumes a simple band shape, enables extraction of the direct energy gap when α 2 is plotted as a function of photon energy. The inset of Fig. 2 (b) illustrates the direct band gap of 1.41 ± 0.01 eV at 300 K. Figure 3 illustrates the temperature dependence of the optical absorption spectra. As the temperature was lowered, all optical absorptions exhibited shifts of the peak positions to higher energies and narrowing of linewidths. Figure 4 indicates the temperature dependence of the energy band gap. The gap became hardening as the temperature decreased. In principle, the observed blueshift value of the band gap energy with decreasing temperature in semiconductors can be described using the Bose-Einstein model 29
where E g (0) is the band gap energy at 0 K; a B represents the strength of the electron-phonon interactions; and Θ B is the average phonon temperature. Our fitting results indicated that the band gap energy toward 0 K was approximately 1.45 ± 0.01 eV. The strength of the electron-phonon interactions a B and the average phonon temperature Θ B were 102 meV and 496 K, respectively. These values are larger than those obtained for other multiferroic oxides, such as BiFeO 3 30, 31 , thus reflecting a strong electron-phonon interaction in YBaCuFeO 5 . As is evident from Fig. 4 , the Bose-Einstein model reproduced the overall temperature dependence of the band gap in YBaCuFeO 5 satisfactorily. However, the band gap deviated from the theoretical prediction at 455 and 175 K, which suggested spin-charge interactions. Similar coupling behavior has been observed in other multiferroic materials, such as BiFeO 3 31, 32 , h-LuFeO 3 33 , and LuFe 2 O 4 34 .
To understand the nature of the observed absorption peaks in YBaCuFeO 5 , we calculated the electronic band structure, density of states (DOS), and optical absorption coefficient, and the results are presented in Fig. 5 . In a previous report 13 , Morin et al. simulated YBaCuFeO 5 models using DFT calculations with 10 arrangements of Cu and Fe atoms. However, optical absorption spectra and electronic band structure were not assessed in their work, and www.nature.com/scientificreports www.nature.com/scientificreports/ these properties are critical for analyzing the optical properties of YBaCuFeO 5 . We reinspected the crystal structure and electronic properties of the five models with the lowest energies from those in the study of Morin et al. 13 . In addition, we examined two models of slightly higher energies than the five previously mentioned models (see supplementary information). These two models were not investigated by Morin et al. We discovered that only one of the new models could reproduce the absorption spectrum presented in Fig. 2(b) . The structure of the simulation model is depicted in Fig. 5(b) .
The electronic band structure of YBaCuFeO 5 (Fig. 5(a) ) revealed that both the valence-band maximum and the conduction-band minimum were flat from the Γ to Y points of the Brillouin zone. The calculated direct band www.nature.com/scientificreports www.nature.com/scientificreports/ gap of YBaCuFeO 5 was approximately 1.36 eV, which was consistent with the experimental results. Furthermore, the shape and peak positions of the calculated optical coefficient spectrum ( Fig. 5(b) ) exhibited favorable agreement with the experimental data. Electronic excitations occurred at approximately 1.45, 2.0, 2.9, 3.5, and 5.1 eV. According to the DOS analysis (see supplementary information), the observed excitation near 1.45 eV was due to transitions from the 3d xy orbitals of Cu or Fe atoms to the 3d x Vibrational properties. Figure 6 (a) depicts the room-temperature Raman scattering spectrum of YBaCuFeO 5 . The spectrum comprised six first-order Raman phonon modes. We fitted these phonon peaks using a standard Lorentzian profile. According to factor group analysis, the structure of YBaCuFeO 5 is tetragonal (space group P4/mmm) with one formula unit per primitive cell. The irreducible representation of the phonon modes at the center of the Brillouin zone is given by
. These modes are classified as Raman active (2A 1g + B 1g + 3E g ), infrared active (4A 2u + 5E u ), acoustic (A 2u + E u ), and silent (B 2u ). The inset of Fig. 6(a) illustrates polarized Raman scattering spectra of parallel and cross measurements. The 456 and 675 cm −1 modes exhibited stronger intensities in the parallel configuration, indicating that they were of A 1g characters. By contrast, the 579 cm −1 mode in cross geometry was stronger than other phonon peaks, thus demonstrating E g symmetry. The E g mode involves in-plane O-Cu/Fe-O bending motions, whereas the A 1g mode results from out-of-plane Cu/Fe-O stretching motions 3 . Additionally, the low-intensity broad phonon mode observed at approximately 1267 cm −1 should be ascribed to multiphonon processes [35] [36] [37] . In the present study, the 675 cm −1 A 1g phonon mode exhibited an asymmetric line shape, indicating a strong interaction between the lattice vibrations and a magnetic continuum. As presented in the inset of Fig. 6(b) , this mode was fitted using a standard Fano profile 38 as follows: I(ω) = I 0 (ε + q) 2 /(1 + ε 2 ), where ε = (ω -ω 0 )/Γ; ω 0 is the phonon frequency; Γ is the linewidth; and q is the asymmetry factor of the phonon mode. Figure 6(b) indicates the temperature dependence of the Raman scattering spectra of YBaCuFeO 5 . With decreasing temperatures, the peak positions of all phonon modes shifted to higher frequencies, and the resonance linewidth narrowed. However, the phonon parameters of the 579 cm −1 E g and 675 cm −1 A 1g modes behaved peculiarly at 455 and 175 K. Figure 7 further illustrates the frequency, linewidth, normalized intensity, and asymmetry factors of these two modes as functions of temperature. The frequencies and linewidths of the 579 cm −1 E g and 675 cm −1 A 1g modes changed discontinuously at 455 and 175 K. Furthermore, the oscillator strengths of the two modes increased below 455 K. In a normal anharmonic solid, a nearly temperature-independent oscillator strength is expected, and at decreasing temperature, the phonon frequency should increase while linewidth decreases. Anharmonic interactions are relevant to high-order terms of atomic vibrations, which are beyond traditional harmonic terms. The temperature-dependent phonon frequency and linewidth can be written as 39 www.nature.com/scientificreports www.nature.com/scientificreports/
where ω o and γ o are the intrinsic frequency of the optical phonon mode and the linewidth broadening that results from defects. Parameters A and B are the anharmonic coefficients, and
corresponds to the thermal population factor of acoustic modes. For analysis of anharmonic contributions to the 579 cm −1 E g mode, the values of ω o (≈582.5 cm −1 ), γo (≈19 cm −1 ), A (≈−4.5), and B (≈1.8) were determined. For the 675 cm −1 A 1g mode, the values of ω o (≈682.9 cm −1 ), γo (≈16 cm −1 ), A (≈−4.9), and B (≈1.2) were determined. Parameter A was negative, indicating that with an increase in temperature, the peak shifted to a lower frequency because of anharmonic phonon decay. By contrast, parameter B was positive, reflecting linewidth narrowing with a decrease in the temperature. The thin solid lines in Fig. 7(a,b) represent theoretical predictions based on Eqs (4, 5) . The 675 cm −1 A 1g mode exhibited a slight deviation from the usual anharmonic contribution to the temperature dependence of the phonon frequency and linewidth through the 455 and 175 K antiferromagnetic ordering transitions. By contrast, the 579 cm −1 E g mode hardened significantly below 175 K. Because the YBaCuFeO 5 exhibited no drastic temperature dependence in terms of crystal structure and lattice parameters, the phonon anomalies below the antiferromagnetic ordering temperature were attributed to spin-phonon interactions. Similar magnetoelastic coupling has been detected in other multiferroic materials, such as HoMnO 3 40 , BiFeO 3
41
, and Y 2 CoMnO 6
42
. As indicated in Fig. 7(a) , the frequency of the 579 cm −1 E g mode deviated considerably from the theoretical predictions to below the antiferromagnetic phase transition temperature of 175 K. This effect was attributed to the renormalization of the in-plane E g phonon induced by magnetic ordering, usually understood as a sign of www.nature.com/scientificreports www.nature.com/scientificreports/ coupling between the lattice and spin degrees of freedom. The spin-phonon coupling constant can be calculated from frequency-shift data using the expression 43 www.nature.com/scientificreports www.nature.com/scientificreports/ where (Δω) SP is the difference between the phonon frequency values at 10 K from the theoretical prediction and experimental data; ω o is the value from Eq. (4); M sub (T) is the sublattice magnetic susceptibility with the external magnetic field along the ab plane; and λ eff is the spin-phonon coupling constant. In the present study, we used the magnetic susceptibility with the external magnetic field along the ab plane and estimated the spin-phonon coupling constant to be 15.7 mRy/Å 2 . The magnitude of this value was comparable to those obtained for other multiferroic manganites 44-46 . summary We employed both spectroscopic ellipsometry and Raman scattering spectroscopy to investigate the electronic structure and lattice dynamics of YBaCuFeO 5 single crystals. We also characterized the optical transitions by comparing the experimental data and the results of first-principles calculations. The optical absorption spectrum of YBaCuFeO 5 at room temperature revealed Cu/Fe d to d on-site transitions at approximately 1.69 and 2.47 eV and O 2p to Cu/Fe 3d charge-transfer transitions at approximately 3.16, 4.26, and 5.54 eV. YBaCuFeO 5 exhibited a direct band gap of 1.41 ± 0.01 eV at 300 K. The band gap presented anomalies through antiferromagnetic phase transition temperatures at 455 and 175 K. Moreover, the temperature dependence of in-plane E g phonon mode exhibited a hardening below 175 K. The spin-phonon coupling constant was estimated to be 15.7 mRy/Å 2 . These results confirmed a strong coupling of spin, charge, and lattice degrees of freedom in YBaCuFeO 5 .
